ABSTRACT: Most estuarine crab larvae emigrate from estuaries soon after they hatch, develop to the postlarval stage in the coastal ocean and then immigrate to estuaries and settle in adult habitats. We studled the patterns and mechanisms of immigration by postlarvae of 9 crab taxa in the small, highsalinity North Inlet estuary (South Carolina, USA) by sampling the plankton daily for 32 d over the length of the estuary. A concurrent study of larval production and flux showed that all taxa rapidly ernigrate, thereby establishing empirically the importance of immigration in this estuary and giving us the rare opportunity to compare the relative species abundance of emigrating larvae and immigrating postlarvae. Contrary to the popular view that planktonic developn~ent in the sea uncouples larval recruitment from production, the community composition of emigrants and immigrants were comparable. Postlarvae immigrated at night and primarily on large amplitude flood tides. We show that this pattern is common in other estuaries and we argue that it reduces fish predation on immigrating postlarvae. Saltatory, up-estuary immigration was evident in 5 species that moved from the lower to the upper estuary (4 km) in 1 to 3 d. Although immigration rates have not been measured directly in other estuaries, a study of postlarval settlement in Mobile Bay suggests that rates may vary geographically in relation to variation in the tidal regime.
INTRODUCTION
The planktonic larvae of many estuarine invertebrates often may be retained in estuaries (Christy & Stancyk 1982 , Stancyk & Feller 1986 ) and contribute importantly to adult populations (Gaines & Bertness 1992) . However, the larvae of estuarine crabs rapidly disperse seaward, away from adult populations. Except in large estuaries, most species (but see Cronin 1982 , Cronin & Forward 1982 ) seldom remain in their estuary of origin throughout development (reviewed by Epifanio 1988 , McConaugha 1988 . Seaward dispersal of crab larvae, often into the coastal ocean, is sufficiently common to suggest it is not incidental loss or 'leakage' from an otherwise retained estuarine larval pool. Rather, the timing of larval release, typically 'E-mail: christyj@naos.si.edu "Present address. Marine Sciences Research Center, State University of New York, Stony Brook, New York 11794-5000. USA on large amplitude, nocturnal ebb tides (reviewed by Morgan 1995a , Morgan & Christy 1995 , and behavioral mechanisms that position larvae in ebb-directed currents (e.g. Sulkin 1984 , Zeng & Naylor 1996a specifically promote rapid seaward transport of larvae (Christy 1982 , Christy & Stancyk 1982 , Lambert & Epifanio 1982 , Provenzano et al. 1983 , Brookins & Epifanio 1985 , Salmon et al. 1986 , Dittel et al. 1991 , Lago 1993 , Queiroga et al. 1994 , not their retention. Substantial comparative (Morgan & Christy 1994 , 1995 and experimental (Morgan 1987 , 1989 , 1990 , Morgan & Christy 1996a , b, Hovel & Morgan 1997 evidence strongly suggests that the timing of larval release by crabs, which is the last act of maternal care, is selected by predation, primarily by planktivorous fish on larvae. Rapid seaward dispersal of crab larvae soon after their release may be the first leg of a true migration (Strathmann 1982 ) that increases larval survival by reducing predation rates (Christy 1982 , Morgan 1987 , 1990 , 1995a , Morgan & Christy 1995 , Hovel & Morgan 1997 .
Mar Ecol Prog Ser
In coastal and shelf waters, the later larval stages (zoeae) and the postlarvae (megalopae) of estuarine crabs show marked interspecific differences in their vertical distribution in the water column and their extent of dispersal from the shore (e.g. Sandifer 1973 , 1975 , Johnson 1985 , McConaugha 1988 . Hence, the relative importance of the physical processes that may transport postlarvae to locations near the entrances of estuaries also varies interspecifically. For example, wind-driven currents often may bring surfacedwelling blue crab Callinectes sapldus postlarvae from shelf waters to the lower estuary (Johnson 1985 , Goodrich et al. 1989 , Johnson & Hester 1989 , Olmi 1995 , Morgan et al. 1996 , Garvine et al. 1997 , while deep, on-shore, residual currents may affect landward transport of bottom-dwelling postlarvae of fiddler (Eplfanio et al. 1988 ) and some xanthid crabs (Johnson 1985) . Regardless of the processes that bring postlarvae to the entrances of estuaries (Shanks 1995 , 1998 , Eckman 1996 , they must then move up-stream to adult habitats to settle.
Here we describe spatial and temporal patterns of crab postlarval immigration in North Inlet estuary, South Carolina (USA). A previous study showed that fiddler crab (Uca spp.) postlarvae were most abundant in the water column in the upper North Inlet estuary during nocturnal flood tides. This led to the hypothesis that postlarvae may move in a n episodic, saltatorial fashion on sequential nocturnal flood tides to adult habitats (Christy 1982) . In other estuaries, Uca spp. and most other estuanne crab postlarvae also usually are more abundant on flooding tides at night than at other times (see 'Discussion') Perhaps because this pattern is common, saltatory, up-estuary postlarval irnmigratlon on nocturnal flood tides frequently has been incorporated into conceptual models of the dispersal ecology of estuarine crab larvae (e.g. Epifanio et al. 1984 , Little & Epifanio 1991 , DeVries et al. 1994 , OLmi 1995 , Tankersely et al. 1995 . However, the distance, rate and daily pattern of movement of postlarvae from the mouth to the upper estuary depends on several factors, including their distribution relative to oscillating tidal currents (DeVries et al. !994) , competence to settle when inside the estuary , Metcalf & Lipcius 1992 , Morgan et al. 1996 , Zeng & Naylor 1996b , the probability of encountering suitable habitats along the estuarine gradient (Morgan et al. 1996) and predation. Therefore, potential and realized immigration rates and spatial patterns may differ, making it important to measure immigration directly. To date, immigration patterns have been inferred from either the vertical distributions of postlarvae in the water column or temporal settlement patterns (e.g. Lipcius et al. 1990 ). To demonstrate saltatory, upestuary immigration of postlarvae on nocturnal flood tides it is necessary to show not only that postlarvae are abundant in the water column during nocturnal flood tldes and rare at other times, but also that peaks in thelr abundance in the water column move progressively, on subsequent nights and flood tides, from the lower to the upper estuary.
This study had 4 objectives. First, w e sought direct evidence of progressive, up-estuary immigration of crab postlarvae by monitoring for a month postlarval abundance in the plankton during each nocturnal flood tide at stations in the lower, mid and upper estuary. To verify that postlarvae move primarily upstream and at night, plankton samples also were taken during daytime flood and nighttime ebb tides. To our knowledge, this is the only direct test of Christy's (1982) hypothesis of saltatory, upstream immigration by postlarvae.
Second, we tested for a positive correlation between the intensity of immigration and the amplitude of the nocturnal flood tide during the biweekly tidal amplitude cycle. Other studies, primarily of blue crab Callinectes sapidus postlarvae, have detected such a correlation at some sites and times , 1995 , Boylan & Wenner 1993 , Olmi 1995 , Morgan et al. 1996 . To determine whether this pattern is general, we tested for a non-random association between the postlarval abundance of C. sapidus and 3 other species and nocturnal flood tide amplitude.
Third, we evaluated the widely held view that planktonic processes uncouple larval settlement from production (Caley et al. 1996) . A concurrent study at North Inlet showed that newly hatched crab larvae of all common species in this estuary emigrate rapidly to the coastal ocean (Chnsty 1982 , Christy & Stancyk 1982 . This observation not only established empirically the importance of postlarval immigration to North Inlet, it gave us the rare opportunity (see also Dittel et al. 1991 , Hovel & Morgan 1997 to compare the relatlve abundance of emigrating larvae and immigrating postlarvae for a full and dlverse assemblage of estuarine brachyuran crabs. Finally, we comment on the possible adaptive significance of postlarval immigration on ~o cturnal flood tides.
MATERIALS AND METHODS
Study site and tidal patterns. North Inlet estuary, South Carolina, USA (33"22'N, 79" 10'W, Fig. 1 ) is a small (32.3 km2), shallow (<3 m depth except in the Inlet mouth), high-salinity (34 to 35 psu), well-mixed estuary in which the average tidal range is 1.4 m and the currents are dominated by the semidiurnal partial tide (Kjerfve & Proehl 1979 , Palmer et al. 1980 . 1982) . In tidal creeks, flood flow typically is maxone to several days. On the Atlantic coast of the USA, imum about 1.5 h after the mid-flood tidal stage (Kjerthese tides usually peak in the evening so that most of fve & Proehl 1979, Kjerve & Wolaver 1988), a common their flood period occurs before sunset. Lower amplipattern in tidal channels with intertidal bank crests tude nocturnal flood tides occur near the time of the (Pethick 1980) . neap tides a n d the first and last quarter moons (quadThe semidiurnal tidal pattern at North Inlet (2 high ratures). They a r e slack high after midnight and flood and low tides every 24.8 h, on average) occurs on the entirely during darkness. Finally, variation in the disentire Atlantic coast of the USA and it is the most comtance of the moon from the earth affects the amplitude mon one world-wide (Barnwell 1976). Here we review of the tides. As it is not known whether this 27.6 d cycle features of this tidal regime (Fig. 2 ) that pertain to affects postlarval immigration, it will not be discussed. immigration by crab postlarvae. We define flood tide amplitude as the difference in water level between a slack low and the next slack period is birnodally distributed, varies from
about l 2 to (as it did during this study; biweekly peaks of larval production on large amplitude, nocturnal ebb tides and all were exported as first stage zoeae to coastal waters (Christy & Stancyk 1982) . Hence, immigration is a necessary phase of larval life for crabs in the North Inlet estuary.
Plankton sampling. From 12 June to 16 July, 1979, the plankton was sampled for crab postlarvae at stations in the mid and upper estuary. Samples also were taken at a third station in the mouth of the inlet on 12 to 13 June (1 nocturnal flood and subsequent nocturnal ebb tide). Due to unsafe conditions, this station was abandoned on 13 June, and a new, lower estuary station was established on 22 June, about 1 km inside the inlet (Fig. 1) . By creek bed, the upper station was approximately 5 km from the mouth of the estuary and 4 km from the lower station. Cross-sectional depth profiles near the lower and mid estuary stations show a 2-channel structure (Kjerfve 1978 ): a deeper channel in which net ebb flow typically dominates, and a shallower channel that usually experiences net flood flow (Kjerfve 1978 , Kjerfve & Proehl 1979 . At both the lower and mid estuary stations, the plankton was sampled in the shallower, flood-dominated channel. The upper estuary station was positioned approximately in the middle of the single, shallow channel in this creek. Samples were taken daily except for 20 and 23 June and 5 July.
Plankton was collected from an anchored skiff with a 0.5 m diameter, 2.5 m long conical net of 505 pm mesh Nitex cloth. The bottom half of the net ring was weighted with chain. An asymmetrical bridle and a slightly buoyant cod-end jar ensured that the plane of the net opening remained approxim.ately vertical and normal to the tidal current. For each collection, the net was lowered to just above the bottom, then raised slowly so that its rim was just under the surface. The net spent about 1 min at the bottom, ascending, and top positions (3.25 min total sampling time per sample). A calibrated, General Oceanics flow meter with low speed rotor was suspended in the center of the net opening. The volume of water filtered per collection averaged 20.42 * 7.269 (SD) m3 (n = 100). The plankton was fixed and stored in 4 % buffered formaldehyde solution and lightly stained with Rose Bengal.
All brachyuran postlarvae in each sample were counted and identified, to species when possible, using published descriptions and personal notes from studies of larval development. The postlarvae of the 3 species of fiddler crabs were identified to the genus level. An abundant, previously undescnbed postlarva was discovered in the samples. A subsequent study (S.G.M.
unpubl.) showed it to be Sesarma reticulatum and that the description of this postlarva by Costlow & Bookhout (1962) is incorrect. Descriptions of the postlarvae of the Pinnixa species that could have been present are incomplete. However, first stage zoeae of P. chaetopterana were abundant on nocturnal ebb tides (Christy & Stanczyk 1982) and adults of this species are common in the estuary (Grove & Woodin 1996) . Hence, the single morphological type of pinnixid postlarva present in these samples probably is this species. Only 12 Pinnotheres ostreum postlarvae were collected, but first stage crabs, which are the settling stage of this commensal, typically with Crassostrea virginica (Chnstensen & McDermott 1958) , were abundant. We therefore combined the counts of the postlarvae and first stage crabs of P. ostreum.
Immigration patterns. Plankton was collected daily during nocturnal flood tides at the lower, mid and upper stations at, respectively, 3.9 + 0.50 (SD) h (n = 22), 4.3 * 0.50 h (n = 28) and 4.6 + 0.55 h (n = 29) after slack low water. This period should have included the peak flood flow. Friedman's 2-way analysis of variance by ranks (blocking on days) was used to detect, for each species, differences in postlarval abundance between the 3 stations.
To determine whether postlarvae are less abundant on nocturnal ebb compared to the preceding nocturnal flood tides, plankton samples were taken at all 3 stations (13 June), and at the mid and upper stations (14 to 16 June) during the early morning nocturnal ebb tides.
These collections were made at 1.8 + 0.35 h (n = 9) before low water, when ebb discharge values are high but declining. On 9 to 15 July, the 2 semidiurnal flood tides advanced through sunset and sunrise and their amplitudes differed (evening to morning) from about 0.4 to -0.2 m. To determine how postlarval densities vary on sequential flood tides that differ in amplitude and proportion of their flood during darkness, collections were made during both floods on these days. Wilcoxon's signed-ranks tests were used to detect significant differences in postlarval abundance for these pair-wise comparisons.
We used cross-correlation analysis to detect progressive movement of postlarvae from the lower to the upper estuary. Correlations were calculated between the daily values of postlarval density at the lower and mid, the mid and upper, and the lower and upper stations. Significant positive correlations at positive lags would indicate progressive, up-estuary movement. For the 3 days collections were missed, we estimated postlarval densities as the mean of 2 values: (1) the average density of the 2 previous and 1 following day and (2) the average density of the 1 previous and 2 following days.
We also used cross-correlation analysis to detect a possible relationship between nocturnal flood tide amplitude and immigration. Correlations were calculated between the 32 daily values of nocturnal flood tide amplitude, and postlarval density (3-station average) for each species. Our objective was to detect possible positive correlations between nocturnal flood tide amplitude and postlarval abundance, not to infer cycles of immigration. We chose not to infer cycles of immigration for 3 reasons: First, our 32 d series covered only 2.5 tidal amplitude cycles. Second, tidal amplitude cycles of immigration are most likely if the concentration of postlarvae in coastal ocean near the mouth of the estuary either is nearly constant or cycles in phase with the tidal amplitude cycle. Given variation in the intensity of larval production and in the physical processes that affect larval dispersal offshore and delivery onshore (Shanks 1998) , neither condition seems probable (but see Shanks 1995) . Finally, longterm temporal patterns of settlement, which indirectly document immigration, more often are episodic than cyclic. The computer program SYSTAT (DOS ver. 6.0, SYSTAT, Inc.) was used for this analysis. The times and heights of high and low tide were taken from the NOAA tide tables.
Immigration in other estuaries. For some species in North Inlet, nocturnal flood tide amplitude and postlarval abundance were significantly and positively correlated. A correlation between postlarval abundance and the lunar cycle has been noted occasionally in other studies (e.g. van , 1995 , Boylan & Wenner 1993 , Olmi 1995 , but the correlation between Immigration and the more complex nocturnal flood tide amplitude cycle has seldom been specifically addressed . To determine if this is a general pattern, we examined the relationship between postlarval abundance and the approximately biweekly variation in nocturnal flood tide amplitude in other estuaries. We surveyed the literature for data on postlarval abundance that (1) were published as large scale graphs (from which we could accurately read dates) of continuous daily records, at least 15 d long, which (2) showed at least the presence of postlarvae throughout, and (3) included at least 1 'immigration event,' which we defined qualitatively as a period (days) during which postlarvae were substantially more abundant than during preceding and following periods of similar length. Multiple, short-term (usually daily), large increases and decreases in abundance were ignored as were small amplitude, several-day increases. We included studies that measured immigration either directly, as the density of individuals in the water column during flood tides, or indirectly, as the daily number of individuals on synthetic fiber collectors. On the scale of a several-day immigration event, the planktonic abundance of postlarvae and their abundance on collectors generally are positively correlated , O'Connor 1993 .
To determine whether immigration events are nonrandomly associated with larger amplitude nocturnal flood tides, we divided the approximately biweekly tidal amplitude cycle during which each immigration event occurred into two, 7 to 8 d periods, one with larger and the other with smaller amplitude nocturnal flood tides. Tidal amplitudes for the various study sites and dates were obtained from the computer program Tides and Currents (Nautical Software, Inc.). Immigration events were assigned to 1 of these 2 periods. If an event spanned both periods, it was assigned to the one during which more postlarvae were collected. If postlarval abundance and nocturnal flood tide amplitude are not associated, then one would expect equal relative frequencies (0.5) of immigration events during each half of the tidal amplitude cycle (one with larger, the other with smaller amplitude tides). We used the log-likelihood ratio goodness-of-fit test (G-test with William's correction; Sokal & Rohlf 1981) to test this null hypothesis. Again, for the reasons previously discussed, we did not draw conclusions from this analysis about cycles of immigration. Rather, we asked, given that immigrating postlarvae are present during a biweekly period, do more immigrate on days with larger amplitude flood tides?
RESULTS

General abundance
Eight taxa (at least 11 species) of crab postlarvae were collected (Table 1) . Uca spp. (3 species), the xanthids, Panopeus herbstii and Eurypanopeus depressus, the grapsids, Sesarma reticulatum and S. cinereum, and the pinnotherid Pinnotheres ostreum were sufficiently abundant for more detailed analysis. Postlarvae of these 6 taxa were present in 77 to 99 % of the samples. Except for S. reticulatum, which were more abundant at the lower station, there were no significant differences within species in the rank abundance of postlarvae collected daily at the 3 estuarine locations. This is consistent with movement of postlarvae without substantial mortality or settlement from the lower to the upper estuary. 
Flood-ebb contrasts
Comparison of the densities of 6 taxa that were collected on 4 nocturnal flood tides, and the immediately following nocturnal ebb tides, at 3 (June 12 to 13) or 2 (June 13 to 16) stations, showed that all species were significantly more abundant during the nocturnal flood (Fig. 3, Wilcoxon' s Signed Rank tests, p < 0.001 for Pinnotheres ostreum, p < 0.005 for all other species). At the lower and mid estuary stations all samples were collected from the flood dominated channel. To determine if this biased our results, we compared the percent reduction in postlarval density per species and flood-ebb tide pair at the upper station (single channel) and the mid estuary station (2 channels). Percent reductions in density were not significantly greater for samples taken in the flood dominated channel in the mid estuary (Sign test, n = 20, 9 cases with percent density reduction greater at the mid estuary station, p % 0.05).
Semidiurnal flood tide contrasts
From 9 to 15 July, postlarvae were collected during the late afternoon to early evening flood tides and the following early to mid morning flood tides The maxi-mum amplitude nocturnal flood tide was slack high at 20:37 h on 10 July. Except for the final day in this collection series, the amplitude of the evening flood tide was greater than the amplitude of the morning flood tide. As the times of the 2 semidiurnal high tides advanced daily, the percentages of the flood tide during darkness gradually increased for the evening flood and decreased for the morning flood tide ( darkness (the more 'nocturnal' semidiurnal flood tide, first in the morning, then in the evening; Uca spp, and S. reticulatum, p < tides were smaller, and 3 greater in amplitude than the 0.005; S. cinereum and Panopeus herbstii, p < 0.025; preceding or following flood tide with which they were Eurypanopeus depressus, p < 0.05). Three of these paired. (Fig. 4 ) . Cross-correlations were significant and positive at lags of 1 to 3 d for Uca spp., Panopeus herbstii, Sesarma reticulatum and Eurypanopeus depressus (Table 3) Progressive, up-estuary movement Three taxa showed progressive, up-estuary movement (Table 5 ). The pattern is clearest for Uca spp. postlarvae, which were abundant at the lower and mid estuary stations on the same days and at the upper estuary station about 2 d later. High densities of Panopeus herbstii in the upper estuary also followed high densities at the lower station by 2 d. Sesarma cinereum postlarvae were abundant in the lower and mid estuary on the same day and in the upper estuary 3 d after they were abundant in the mid estuary. Progressive movement of S, reticulatum from the lower to the upper estuary was not detected.
DISCUSSION
General abundance
The population dynamics and species composition of benthic marine communities can vary substantially due to variation between levels of larval production, settlement and recruitment (reviewed by Caley et al. 1996 , Ekman 1996 . The planktonic larvae of most estuarine brachyuran crabs may commonly migrate between estuaries and the sea where interspecific differences in their vertical distributions expose them to different currents and causes of mortality (Epifanio 1988 , McConaugha 1988 , Morgan 1995a . Nevertheless, the relative species abundance of immigrating brachyuran postlarvae in the North Inlet estuary was comparable to that of emigrating newly hatched larvae (Christy & Stancyk 1982) . The 7 more abundant taxa of emigrants and immigrants were the same, and Uca spp. larvae and postlarvae were clearly dominant both leaving and entering the estuary. In descending rank order, the next most abundant em~grants were Sesarrna cinereum, S. reticulatum and Panopeus herbstii, while the next most abundant immigrants were P. herbstii, S. reticulatum and S. cinereum. Newly hatched larvae were collected on early ebb tides at a single station in the upper estuary (Chnsty & Stancyk 1982, Fig. 1 ) that was up-stream of the large oyster bars in this tidal creek, a preferred P. herbstjj habitat. Hence, relatively few newly hatched P. herbstii larvae would have been in the water ebbing past this station, and this may explain the lower rank of P. herbstii in the collections of emigrating larvae compared to immigrating postlarvae.
Little is known about the coastal distribution of crab larvae that emigrate from small to rnedlum sized estuaries. Some may become entrained in e d h e s around the margins of ebb deltas (Schwing 1981) or in circulation cells in the surf-zone (Lago 1993 ) and thereby remain close to their estu.ary of origin. However, estuarine crab larvae often are abundant tens of kilometers from the shore (Dudley & Judy 1971 , Smyth 1980 , Truesdale & Andryszak 1983 , Johnson 1985 , indicating that extensive dispersal may be common.
The relative species abundances of crab larvae at a given location in the coastal ocean are likely to reflect regional patterns of relative production as well as interspecific differences in transport and survival (Morgan 1995b) . The correspondence between the relative abundances of emigrating and imrnigrating species of crab larvae at North Inlet may therefore indlcate substantial between-estuary similarity in crab community species composition in this region of the U.S. Atlantic coast, and similar interspecific mortality rates and advective losses. In Flax Pond, a small New York salt marsh, Hovel & Morgan (1997) found a match between the rank orders of adult abundance of 4 species of estuarine crabs (Uca pugnax, U. pugilator, Sesarma reticulatum, Dyspanopeus sayi) and the abundance of recruiting postlarvae. The results of these 2 studies suggest considerable reliability in levels of recruitment and hence stability in the estuarine crab community in spite of a migratory, planktonic larval phase that is generally thought to uncouple local production from recruitment (Caley et al. 1996) .
Although many estuarine crabs exhibit the same temporal pattern of larval production and emigration (Christy & Stancyk 1982) , the extent of their dispersal differs widely (reviewed by Epifanio 1988 , McConaugha 1988 . The present and Flax Pond studies suggest that larval production and recruitment truly are coupled. If so, then the later larval and postlarval stages of different species may use different, but equally effective mechanisms to return to estuaries for immigration (Shanks 1998 )-a process wherein species again converge on a common transport mechanism. Interspecific similarities in dispersal at the endpoints of the larval migratory life of estuarine crabs may reflect the relative predictability of tidal currents in estuaries, and hence their utility for directed transport, as well as the substantial shared benefit of developing in relatively deep, safe water (Morgan & Christy 1995) . Hence, complex adult and larval behaviors may work together to produce predictable and regular recruitment, and 'random processes' in the plankton may little affect the success of crab larval migrations.
Flood-ebb contrasts
Postlarvae of 6 taxa (at least 9 species) were significantly more abundant in the water column during nocturnal flood than ebb tides (Fig. 3) . Considering the crab taxa in North Inlet, this tidal phase abundance asymmetry is well documented elsewhere for Uca spp. (e.g. Little & Epifanio 1991) and Callinectes sapidus (e.g. Olmi 1994) , and it has been reported for Sesarma reticulatum (Hovel & Morgan 1997) , an unspecified xanthid, Pinnixa spp., and Pinnotheres spp. postlarvae (De Vries et al. 1994) . This is the first report of the pattern for S. cinereum and Panopeus herbstii (identified to species). However, it probably is very general, as the postlarvae of other brachyuran taxa typically are more abundant on flood than ebb tides in estuaries worldwide (e.g. Costa Rica: Dittel & Epifanio 1990 , South Africa: Lago 1993 , Portugal: Queiroga et al. 1994 , USA Gulf Coast: Schell 1996 .
Light-dark contrasts
A previous study at North Inlet of immigration of Uca spp. during a lunar moth, showed that postlarvae were about 10 times more abundant in the water column in the upper estuary during nighttime compared to daytime flood tides (Christy 1982) . Studies in other estuaries have corroborated this pattern for Uca spp. (e.g. Brookins & Epifanio 1985 , Little & Epifanio 1991 and found it in diverse other taxa as well (e.g. Mense & Wenner 1989 , Dittel & Epifanio 1990 , De Vries et al. 1994 , Olmi 1994 , Queiroga et al. 1994 , Zeng & Naylor 1996 , Hovel & Moryan 1997 , but see Lago 1993 .
Our results (Table 2 ) further support the view that crab postlarvae are primarily nocturnally active in the water column in estuaries, and suggest, additionally, that the light level during a given flood tide has a greater effect on activity than does the tidal amplitude (see also Metcalf et al. 1995) . No taxon was more abundant during large amplitude tides that flooded mostly during daylight, and all taxa but Pinnotheres ostreum were more abundant on tides that flooded primarily at night, regardless of their amplitude. Within estuaries, light appears to inhibit expression of tidally phased cycles of swimming activity by brachyuran postlarvae (endogenous in some species, Tankersely & Forward 1994, Tankersley et al. 1995 , Zeng & Naylor 1996b , even during larger amplitude tides when stimulatory cues, such as changing pressure and salinity, should be stronger (De Vries et al. 1994 ) and more likely to exceed sensitivity and response thresholds (Tankersley et al. 1995) .
Nocturnal flood tide immigration
Uca spp, Panopeus herbstii, Sesarma reticulatum, and Eurypanopeus depressus postlarvae were most abundant from 1 to 3 d after the larger amplitude nocturnal flood tides (Fig. 4, Table 3 ). Since these postlarvae are largely nocturnal, few entered the water column either on the largest amplitude flood tide during daylight or on the larger amplitude semidiurnal tides for which most of the flood occurred before sunset. Hence, they did not maximize their rate of up-estuary movement. As noted previously (Christy 1982) , the possible advantages to postlarvae of immigrating rapidly by swimming with the higher velocity flood currents during the larger amplitude tides must be less than the benefits of moving more slowly upstream at night.
Neither Sesarma cinereum nor, especially, Pinnotheres ostreum fit the above pattern. P. ostreum first crabs are not strictly nocturnal and their exceptional dispersal ecology may result from being chemically defended (see below). The correlation between nocturnal flood tide amplitude and the abundance of S, cinereum appears to have been weak in the first half and strong in the second half of the 32 d collection period (Fig. 4) . Patterns of postlarval abundance within an estuary reflect not only immigration mechanisms, but also variation in the number of postlarvae in the coastal ocean that are available for immigration. Perhaps there were few potential S. cinereum immigrants outside the inlet when nocturnal flood tides peaked in mid June.
In other estuaries, immigration (usually measured indirectly as settlement) by Uca spp., Dyspanopeus sayi, Callinectes sapidus and Panopeus herbstii tends to occur during the half of the biweekly tidal amplitude cycle with larger amplitude nocturnal flood tides (Table 4) . Hence, the pattern at North Inlet appears to be general. Immigration during relatively low amplitude nocturnal flood tides is, however, not unusual. For example, about 35 % of the immigration events scored for C. sapidus occurred under such conditions. It seems unlikely that postlarvae directly select tidal amplitude condit~ons for immigration. Although mechanisms that could concentrate postlarvae near shore approximately every 2 weeks have been proposed (Pineda 1991 , Shanks 1995 , it is not yet clear whether postlarval abundance in the pool of potential immigrants typically varies as these mechanisms predict (Shanks 1998) . The trend toward immigration and settlement during larger amplitude nocturnal tides may simply reflect the effects of the changing phase relationships between the tidal, light and tidal amplitude cycles on the expression of nocturnal flood tide swimming by postlarvae ( Table 2) .
The lunar phase associated with the larger amplitude biweekly nocturnal flood tides varies, especially on coasts with diurnal or mixed semidiurnal tidal patterns (e.g. Morgan et al. 1996) . Even on coasts with semidiurnal tides, the time between successive larger amplitude nocturnal tides ranges from about 12 to 17 d. (e.g. Fig. 2) . Furthermore, at temperate latitudes, seasonally changing day length causes seasonal variation in the day of the semilunar cycle on which the largest amplitude nocturnal tide occurs. We suggest that the nocturnal flood tide amplitude cycle, not the lunar, semilunar or even semidiurnal tidal amplitude cycles is the appropriate physical cycle for examining temporal variation in crab postlarval immigration to estuaries (see also Olmi 1995) .
Why a r e postlarvae nocturnal?
The adaptive significance of nocturnal activity by brachyuran postlarvae in estuaries has received little comment (OLmi 1994 , Hovel & Morgan 1997 . There is considerable support for the hypothesis that predation, primarily by daytime-active planktivorous fish, selects for larval release on large amplitude, nocturnal ebb tides; such timing promotes rapid nocturnal emigration of newly hatched crab larvae from shallow estuarine and coastal waters where planktivorous fish are most abundant to safer, offshore locations (Morgan 1990 , Morgan & Christy 1995 . The larvae of species that are released in daylight (Christy 1986 , Morgan & Christy 1996a or that do not typically migrate between estuaries and the ocean (Cro~lln & Forward 1982) have spines or cryptic colors that make them less vulnerable to predation than are larvae that emigrate (Christy 1982 , 1986 , Morgan 1987 , 1990 , Morgan & Christy 1996a . When crab postlarvae return to estuaries they may encounter high densities of the planktivorous fishes they escaped when they emigrated.
In the North Inlet estuary, Johnson et al. (1990) found that the bay anchovy Anchoa mitchilli, a common planktivore in temperate western Atlantic estuaries, strongly preferred crab postlarvae (mostly Uca spp., Johnson et al. 1990 ) which constituted up to 60% of the fishes' diet. As is generally true of planktivorous fish (Hobson & Chess 1978 , Zaret 1980 , Lazzaro 1987 , A. mitchilli fed more during the day than at night. Hence crab postlarvae may reduce their risk of predation by being active in the water column at night. Indeed, the percentage contribution of postlarvae to the diet of A. mitchiUi dropped from 42 % during the day to 31 % at night, even though the concentration of postlarvae in the water column should have been considerably greater at night. Pinnotheres ostreum postlarvae (first stage swimming crabs) were exceptional among the species we studied as they were not primarily nocturnal. They also were not eaten by A. mitchilli in North Inlet even when abundant (Johnson et al. 1990 ). Stage 4 crabs (also a swimming stage) of P. ostreum are unpalatable to 4 other estuarine planktivorous fishes, perhaps because they are chemically defended (Luckenbach & Orth 1990) . Just as welldefended crab zoeae do not emigrate rapidly fromshallow waters on nocturnal ebb tides (as a consequence of both the timing of larval release and larval behavior), so too may well-defended postlarvae fail to immigrate primarily on nocturnal flood tides. Hence, predictable spatial and temporal gradients of predation by fish on crab larvae and postlarvae that vary interspecifically in their vulnerability to these predators may explain interspecific differences in associations between the timing of larval release and the timing and extent of larval and postlarval migrations.
Saltatory, up-estuary immigration
Though small, North Inlet is not atypical of estuaries on the middle to lower U.S. Atlantic coast. Even though the lower a n d upper sampling stations were separated by only about 4 km, w e found evidence of saltatory, up-estuary immigration over 1 to 2 nights by Uca spp. postlarvae and an indication of this pattern in Panopeus herbstii and Sesarma cinereum. This pattern should be more pronounced in larger estuaries.
There is considerable evidence that the postlarvae selectively swim u p in the water column during nocturnal flood tides, which could result in progressive, up-estuary immigration on successive nights (saltatory transport) to adult habitats. This is the first study that documents this pattern directly by sampling, on the appropriate spatial and temporal scales, the density of postlarvae in the water column. Consequently, variation in the spatial patterns and rates of immigration within a n d between estuaries is poorly known. However, a long-term settlement study of CaUinectes sapidus postlarvae in Mobile Bay (Morgan et al. 1996) suggests that immigration rates vary greatly between species and locations. Although onshore winds enhanced transport of blue crab postlarvae to the mouth of Mobile Bay, once in the estuary, tidal transport best explained settlement patterns (see also Olmi 1995) . Postlarvae settled 50 km up-stream about 2 to 3 d after they settled near the bay mouth (Morgan et al. 1996) . If daily variation in settlement is correlated with daily variation in the concentration of postlarvae in the water column , but see Olmi et al. 1990) , then, in Mobile Bay, C. sapidus moved up-estuary at roughly 15 to 20 km d-l, compared to the rate of 2 to 4 km d-' by Uca spp. postlarvae in the North Inlet estuary. Although the behavioral mechanisms that regulate vertical migration by postlarvae of these 2 taxa in estuaries differ (DeVries et al. 1994 , Tankersley & Forward 1994 , Tankersley e t al. 1995 , both taxa immigrate predominantly on nocturnal flood tides. Larger C. sapidus postlarvae swim substantially faster than Uca spp. postlarvae (Luckenbach & Orth 1992 , but see Nosler cited in Feest 1969 ) and the predominantly diurnal tidal pattern in Mobile Bay provides 12 h of flood directed transport daily compared to only 6 h d-' in North Inlet. However, flood tide current velocities in the relatively narrow channels in North Inlet are substantially greater than flood current velocities in open, shallow, Mobile Bay waters. Hence, we can not adequately explain the 5-to 10-fold difference in inmigration rate by these 2 taxa in these very different estuarine systems and tidal regimes.
Synthetic fiber collectors are widely used to monitor settlement of estuarine crab postlarvae. Daily counts of the number of postlarvae that cling to these collectors probably yield reasonably accurate estimates of seasonal, monthly and even biweekly (O'Connor 1993) levels of immigration. However, saltatory, up-estuary immigration by postlarvae may be rapid, and counts of postlarvae on collectors sometimes are ) and sometimes are not (Olmi e t al. 1990 ) closely correlated with day-to-day variation in the concentration of postlarvae in the water column. Given substantial and poorly understood variation in the relationship between the concentration of immigrants in the water column and levels of settlement, it may b e best to study immigration directly by sampling the plankton daily during nocturnal flood tides at stations from the lower to upper estuary, as was done in this study. Accurate descriptions of the dynamics of the horizontal migratory movements of postlarvae in estuaries are essential for understanding how recruitment is affected by tidal currents, developmental competency, settlement behavior, the distribution of adult habitats a n d predation.
